A common complaint of patients undergoing long-term treatment with ADR is somnolence, often referred to as "chemobrain." While ADR itself does not cross the blood brain barrier (BBB), we recently showed that ADR administration causes a peripheral increase in tumor necrosis factor ␣ (TNF-␣), which migrates across the BBB and leads to inflammation and oxidative stress in brain, most likely contributing to the observed decline in cognition. In the current study, we measured levels of the antioxidant glutathione (GSH) in brains of mice injected intraparitoneally (i.p.) with ADR, as well as the levels and activities of several enzymes involved in brain GSH metabolism. We observed significantly decreased GSH levels, as well as altered GSH/GSSG ratio in brains of ADR treated mice relative to saline-treated controls. Also observed in brains of ADR treated mice were increased levels of glutathione peroxidase (GPx), glutathione-S-transferase (GST), and glutathione reductase (GR). We also observed increased activity of GPx, but a significant reduction in GST and GR activity in mice brain, 72 h post i.p. injection of ADR (20 mg/kg body weight). Furthermore, we used redox proteomics to identify specific proteins that are oxidized and/or have differential levels in mice brains as a result of a single i.p. injection of ADR. Visinin like protein 1 (VLP1), peptidyl prolyl isomerase 1 (Pin1), and syntaxin 1 (SYNT1) showed differential levels in ADR treated mice relative to saline-treated controls. Triose phosphate isomerase (TPI), enolase, and peroxiredoxin 1 (PRX-1) showed significantly increased specific carbonylation in ADR treated mice brain. These results further support the notion ADR induces oxidative stress in brain despite not crossing the BBB, and that antioxidant intervention may prevent ADR-induced cognitive dysfunction.
Free radical-mediated oxidative stress has been implicated in many neurodegenerative disorders (Hensley et al., 1995; Stadtman and Berlett, 1997; Markesbery and Lovell, 1998; Butterfield et al., 2001; Butterfield and Lauderback, 2002) . Overproduction of reactive oxygen species (ROS) and reactive nitrogen species (RNS), a decreased antioxidant defense system, or both typically results in significant protein oxidation (Hensley et al., 1995; Stadtman and Berlett, 1997) , lipid peroxidation (Markesbery and Lovell, 1998; Butterfield and Lauderback, 2002) , and DNA/ RNA oxidation (Butterfield et al., 2001) .
Adriamycin (ADR) is a quinone-containing chemotherapeutic drug. ADR intercalates into the major grooves of cancerous DNA and inhibits replication and synthesis (Cummings et al., 1991) . It is also widely accepted that ADR produces large amounts of ROS in defense against solid tumors (Kappus, 1987; Gutierrez, 2000; Singal et al., 2000) ; however, this mechanism of action is implicated in the toxicity of several non-targeted organs and limits its dosage in cancer patients. The quinone in ADR undergoes a one-electron reduction to produce a semiquinone, which, in the presence of molecular oxygen, generates superoxide (O 2 Ϫ ) as the semiquinone is recycled to a quinone (a process called redox cycling) (Handa and Sato, 1975; Gutteridge, 1984) . Administration of ADR has been documented to cause oxidative stress in non-targeted organs, consistent with the notion that ADR redox cycling results in the generation of significant amounts of ROS (Chen et al., 2007) . For instance, free radical mediated protein oxidation and lipid peroxidation have been reported in cardiomyocytes treated with ADR, and ADR-induced ROS production in cardiomyocytes is blocked by antioxidants (DeAtley et al., 1998 (DeAtley et al., , 1999 Lien et al., 2006) . Apart from cardiomyopathy, patients under long-term treatment with ADR often complain of dizziness, forgetfulness, lack of concentration, and cognitive impairment (somnolence, often called "chemobrain"), sometimes lasting years after cessation of chemotherapy (Meyers, 2000; Schagen et al., 2001; Freeman and Broshek, 2002; Ahles and Saykin, 2007) . Recently, we showed that administration of ADR induces a peripheral increase in the cytokine tumor necrosis factor alpha (TNF␣), which migrates across the blood brain barrier (BBB) and induces several inflammatory pathways, including glial cell activation (Tangpong et al., 2006 (Tangpong et al., , 2007 (Tangpong et al., , 2008 . Because ADR itself cannot cross the BBB, the toxic side effects in brain conceivably could be due to TNF␣ mediated glial activation, resulting in more TNF␣ production, which can further lead to increased mitochondrial impairment and production of ROS/RNS (Tangpong et al., 2006 (Tangpong et al., , 2008 . This cytokine is strongly implicated in ADR-induced cognitive dysfunction, as mice treated with anti-TNF antibody have no increased brain TNF or mitochondrial dysfunction (Tangpong et al., 2006) . Although the biochemical basis for ADR-mediated cognitive dysfunction is not well established, ADR has been shown to cause increased protein oxidation and lipid peroxidation, along with increased multi drug resistant protein-1 (MRP-1) expression, in brain isolated from ADRinjected mice (Joshi et al., 2005 (Joshi et al., , 2007 .
Glutathione (GSH) is a major intracellular antioxidant present ubiquitously in the millimolar range throughout the brain. GSH detoxifies intracellular H 2 O 2 to H 2 O and O 2 via subsequent oxidation to glutathione disulfide (GSSG) by the enzyme glutathione peroxidase (GPx). GSSG is recycled to GSH via glutathione reductase (GR). The GSH/ GSSG ratio is critical to maintaining the intracellular redox balance (Smith et al., 1996) . GSH is also capable of conjugating to ␣,␤-unsaturated aldehydes, which are products of lipid peroxidation, by the cytosolic enzyme glutathione-S-transferase (GST). GST-mediated glutathione-S conjugates are exported from the cell via MRP-1, an ATPbinding cassette (ABC) transporter (Nies et al., 2004; Sultana and Butterfield, 2004) . Depletion of GSH in specific brain regions and/or the concomitant increase in GSSG levels contribute to the oxidative stress-mediated neuronal dysfunction in various neurodegenerative disorders (Benzi and Moretti, 1995; Butterfield and Sultana, 2007) . Also contributing to the oxidative stress observed in these disorders is altered activities or levels of enzymes involved in GSH metabolism, namely GPx, GR, and GST. Given that oxidative stress and mitochondrial dysfunction occur in brain following intraparitoneal (i.p.) administration of ADR, we tested the hypothesis that in vivo ADR modulates the GSH antioxidant defense system in brain.
Redox proteomics has been used to identify proteins with differential levels and adverse protein modifications in disease conditions to shed light on a specific pathology . To date, two studies have shown globally increased levels of protein carbonyls in brains of mice treated i.p. with ADR compared to controls (Joshi et al., 2005 (Joshi et al., , 2007 . Using redox proteomics, it is possible to separate proteins in two dimensions in order to detect which specific proteins experience an increase in carbonylation (or other modification) as a result of an oxidative insult. Therefore, in addition to isolating specific antioxidant proteins for analyses of levels and activity, a second goal of this study was to use redox proteomics to identify proteins in brains of ADR treated mice with differing levels and/or increases in specific oxidation as a result of a single i.p. injection of this chemotherapeutic agent. The results shown here are discussed with relevance to chemobrain following ADR-induced free radical-mediated oxidative stress.
EXPERIMENTAL PROCEDURES Animals
Male B6C3 mice (2-3 months of age), approximately 30 g in size, housed in the University of Kentucky Central Animal Facility in 12 h light/dark conditions and fed standard Purina rodent laboratory chow ad libitum, were used. The animal protocols were approved by the University of Kentucky Animal Care and Use Committee.
Chemicals
Doxorubicin HCl (ADR) was purchased from Bedford Laboratories TM (Bedford, OH, USA). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless stated otherwise. The primary antibodies for GST and GPx were purchased from Chemicon International (Temecula, CA, USA). The primary antibody for GR was purchased from Abcam, Inc. (Cambridge, MA, USA). Criterion PreCast Tris-HCl polyacrylamide gels (12.5%) and Trans-Blot Transfer Medium nitrocellulose membranes (0.45 m) were purchased from BioRad (Hercules, CA, USA). The GSH assay kit was purchased from Cayman Chemicals (Ann Arbor, MI, USA).
Preparation of brain homogenate
Brains were isolated and dissected following sacrifice by decapitation from mice injected i.p. with ADR (20 mg/kg body weight), 72 h post i.p. injection, or from saline-treated control mice. The ADR dosage and time were based on prior studies (Joshi et al., 2005) . Isolated brains were homogenized in ice cold lysing buffer containing 4 g/ml leupeptin, 4 g/ml pepstatin, 5 g/ml aprotinin, 2 mM ethylenediaminetetraacetic acid (EDTA), 2 mM ethylene glycol-bistetraacetic acid (EGTA) and 10 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES), pH 7.4, at a ratio of 10% w/v. Each brain was homogenized by 20 passes of a Wheaton tissue homogenizer, and the resulting homogenate was centrifuged at 1500 g for 10 min. The pellet (nuclear fraction) was suspended in 1 ml phosphate buffered saline (PBS) containing 0.01% (w/v) sodium azide and 0.2% (v/v) Tween 20. The supernatant was retained and centrifuged at 20,000 g for 10 min. The pellet (membrane fraction) was suspended in 1 ml PBS and the supernatant (cytosolic fraction) was retained for GSH measurement and enzyme activities. All the fractions suspended in PBS were washed twice with PBS at 32,000 g for 10 min. The resulting fractions were assayed for protein concentration by the Pierce BCA method.
GSH/GSSG assays
GSH and GSSG were measured using the method of Hissin and Hilf. The supernatant obtained from homogenate was deproteinated with 10% meta phosphoric acid and the deproteinated supernatant was used for GSH/GSSG assays. GSH was measured by adding sample (10 l) to 10 l of o-phthalaldehyde (1 mg/ml in reagent grade methanol) and 0.1 M phosphate-buffered saline (pH 8) with 5 mM EDTA, and measured fluorometrically ( ex ϭ350 nm, em ϭ420 nm). GSSG was measured by adding 10 l of deproteinated sample to 0.04 M N-ethylmaleimide, o-phthaladehyde, and 0.1 N NaOH, and measured fluorometrically ( ex ϭ350 nm, em ϭ420 nm) (Hissin and Hilf, 1976 ).
Western blots
Samples (100 g) were incubated with sample loading buffer and were denatured and electrophoresed on a 12.5% SDS-polyacrylamide gel. Proteins were transferred to a nitrocellulose membrane at 90 mA/gel for 2 h. The blots were blocked for 1 h in fresh wash buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20, pH 7.4, containing 3% bovine serum albumin) and incubated with a 1:1000 dilution of the respective anti-GST, GPx or GR monoclonal antibody in phosphate buffered saline containing 0.01% (w/v) sodium azide and 0.2% (v/v) Tween 20 (PBS) for 1 h. Membranes were washed three times in PBS and incubated for 1 h with anti-rabbit IgG alkaline phosphatase secondary antibody diluted in PBS in a 1:8000 ratio. Membranes were washed three times in PBS for 5 min and developed using SigmaFast tablets (BCIP/NBT substrate).
In all cases non-specific background labeling by secondary antibody was negligible.
Enzyme activity assays
Estimation of glutathione-S-transferase activity. GST (EC 2.5.1.18) activity was measured using a reaction mixture consisting of 0.1 M phosphate buffer (pH 6.5), 1.0 mM reduced glutathione, 1.0 mM CDNB and 1 mg/ml of supernatant protein (Habig et al., 1974) . The changes in absorbance were recorded at 340 nm in a 96 well microtiter plate, and the enzymatic activity was calculated as nmol of CDNB conjugate formed min Ϫ1 mg Ϫ1 protein.
Estimation of glutathione peroxidase activity. GPx (EC 1.11.1.9) was measured using a reaction mixture consisting of 0.2 mM H 2 O 2 , 1.0 mM GSH, 0.14 U of glutathione reductase GR, 1.5 mM NADPH, 1.0 mM sodium azide, 0.1 M phosphate buffer (pH 7.4) and 1 mg/ml of supernatant protein (Wheeler et al., 1990) . The changes in absorbance were recorded at 340 nm in a 96 well microtiter plate and enzyme activity was calculated as nmol of NADPH oxidized min Ϫ1 mg Ϫ1 protein.
Estimation of glutathione reductase activity. The GR (EC 1.6.4.2) activity assay reaction mixture consisted of 0.1 M phosphate buffer (pH 7.6), 0.5 mM EDTA, 1.0 mM oxidized glutathione, 0.1 mM NADPH and 1 mg/ml of supernatant protein in a total volume of 200 l (Carlberg and Mannervik, 1985) . The enzyme activity was assayed in a 96-well plate reader by measuring the disappearance of NADPH at 340 nm and was calculated as nmol of NADPH oxidized min Ϫ1 mg Ϫ1 protein.
Redox proteomics
Sample preparation. To derivatize protein carbonyl groups, 150 g of brain homogenate was incubated with four volumes of 2,4-dinitrophenylhydrazine (DNPH; 20 mM in 2 M HCl) or 2 N HCl (for 2-D gel protein mapping and mass spectrometry analysis) at room temperature for 30 min and then mixed with ice-cold trichloroacetic acid (final concentration, 15%) and incubated on ice for 10 min. Precipitates were centrifuged at 14,000 g at 4°C for 2 min. The pellets were washed with 500 l of ethyl acetate/ethanol (1/1, v/v) three times. The final pellet was dissolved in 200 l of rehydration buffer containing 7 M urea, 2 M thiourea, 2% Chaps, 0.8% (v/v) Ampholyte, pH 3-10, 1% zwittergent, 45 mM DTT, and a trace amount of Bromophenol Blue. Samples were then sonicated on ice for 20 s three times.
Two-dimensional gel electrophoresis.
Immobilized pH gradient (IPG) strips were actively rehydrated with 200 l of samples at 50 V and 20°C for 16 h. Isoelectric focusing (IEF) was performed at 20°C in a Protean IEF cell (Bio-Rad) as follows: 800 V for 2 h linear gradient, 1200 V for 4 h slow gradient, 8000 V for 8 h linear gradient, and 8000 V for 10 h rapid gradient. After IEF, the strips were stored at Ϫ80°C until processing. Before the seconddimension separation, the strips were equilibrated in 0.375 M Tris-HCl (pH 8.8) containing 6 M urea, 2% sodium dodecyl sulfate, 20% (v/v) glycerol, and 0.5% DTT for 10 min, followed by a reequilibration in a similar buffer containing 4.5% iodoacetamide in place of DTT for 10 min. Strips were placed on the Criterion precast gels and electrophoresed at 200 V for 65 min. Gels of HCl-treated samples were fixed in a solution containing 10% (v/v) methanol, 7% (v/v) acetic acid for 30 min and stained in SYPRO Ruby gel stain (50 ml/gel) with agitation at room temperature overnight. The gels were rinsed in the fixing solution for 60 min to remove background stain and washed with deionized water. Images of the stained gels were obtained using a fluorescence imager, Storm 860 ( ex ϭ470 nm, em ϭ618 nm; Molecular Dynamics, Sunnyvale, CA, USA).
Two-dimensional oxyblot. Gels of 2,4-dinitrophenylhydrazine (DNPH)-treated samples were transferred to a nitrocellulose membrane at 90 mA/gel for 2 h and blocked for 2 h with 3% bovine serum albumin (BSA) in PBS. Blots were incubated with primary rabbit anti-DNP antibody (1:200) for 2 h. Membranes were washed three times in PBS and incubated for 1 h with an anti-rabbit IgG alkaline phosphatase secondary antibody diluted in PBS in a 1:8000 ratio. The membrane was washed three times in PBS for 5 min and developed using SigmaFast tablets (5-bromo-4-chloro-3-indoylphosphate/nitroblue tetrazolium, BCIP/NBT substrate).
Image analysis
PDQuest software (Bio-Rad) was used to analyze the gels and the blots and to compare protein and carbonyl contents in brain samples of saline-and ADR-treated mice. Densitometric intensity of Sypro Ruby stained gels corresponded to protein levels on 2D gels; specific carbonyl content was assessed by the spot intensity on 2D Western blots divided by the corresponding protein level as assessed by 2D gel quantitation. Spot intensities were normalized relative to total density of spots in corresponding gel or blot to correct for slight differences in staining and/or loading.
In-gel digestion
Only spots found to be statistically significantly different for protein levels or specific carbonylation compared to control were subject to in gel digestion. Samples were prepared according to the method described by Thongboonkerd et al. (Thongboonkerd et al., 2002) . Briefly, the gel piece containing the protein of interest was cut out from the gel with a clean razor blade and transferred into a 1.5-ml microcentrifuge tube. The gel piece was incubated with 30 l of 0.1 M NH 4 HCO 3 at room temperature for 15 min, then for another 15 min after the addition of 30 l of acetonitrile, and was air-dried for 30 min after the removal of the liquid. The gel piece was rehydrated with 20 l of 20 mM DTT in 0.1 M NH 4 HCO 3 at 56°C for 45 min. Next, the gel piece was incubated with 20 l of 55 mM iodoacetamide in 0.1 M NH 4 HCO 3 in the dark at room temperature for 30 min. Gel plug was incubated with 30 l of 50 mM NH 4 HCO 3 at room temperature for 15 min, then for another 15 min after the addition of 30 l of acetonitrile, and was air dried for 30 min after the removal of the liquid. The gel piece was rehydrated with the addition of a minimal volume of 20 ng/l modified trypsin in 50 mM NH 4 HCO 3 and was incubated with shaking at 37°C overnight (18 h).
Mass spectrometry and protein identification
Peptides resulting from in-gel trypsin digestion were spotted on a 384-position, 600-m AnchorChip Target (Bruker Daltonics, Bremen, Germany) and prepared according to AnchorChip recommendations (AnchorChip Technology, Rev. 2; Bruker Daltonics). Briefly, 1 l of sample was mixed with 1 l of ␣-cyano-4-hydoxycinnamic acid (0.3 mg/ml in ethanol: acetone, 2:1) directly on the target and dried at room temperature. The sample spot was washed with 1 l of a 1% trifluoroacetic acid (TFA) solution for approximately 60 s. The TFA droplet was gently blown off the sample spot with compressed air. The resulting diffuse sample spot was recrystallized (refocused) using 1 l of a solution of ethanol:acetone:0.1% TFA (6:3:1). Spectra were recorded on a Spec 2E matrix-assisted laser desorption ionization-time of flight mass spectrometer in the reflectron mode as summations of 100 laser shots. External calibration of the mass axis was used for acquisition, and internal calibration using either trypsin autolysis ions or matrix clusters was applied postacquisition for accurate mass determination. Peptide mass fingerprinting was used to identify proteins from tryptic peptide fragments by utilizing the MASCOT search engine (http://www.matrixscience.com) based on the entire SwissProt protein database. Database searches were conducted allowing for up to one missed trypsin cleavage and using the assumption that the peptides were monoisotopic, oxidized at methionine residues, and carbamidomethylated at cysteine residues. Mass tolerance of 100 ppm was the window of error allowed for matching the peptide mass values. Probabilitybased MOWSE scores were estimated by comparison of search results against estimated random match population and were reported as Ϫ10ϫlog 10 (P), where P is the probability that the identification of the protein is not correct. MOWSE scores greater than 54 were considered to be significant (PϽ0.05). All proteins identified were within the expected size and pI range based on the positions in the gel.
Statistical analysis
A two-tailed Student's t-test was used to assess statistical significance. PϽ0.05 were considered significant for comparison between control and experimental data sets.
RESULTS

Brain GSH/GSSG assay
GSH levels in a system are closely regulated and are indicative of its cellular redox balance. A reduction in GSH or the GSH/GSSG ratio may be an indication of redox imbalance or oxidative stress (Watson et al., 2003) . Fig. 1a shows a significantly lower GSH level in brain isolated from ADR-injected mice compared to saline-injected controls (PϽ0.001). Also, we observed a significant decrease in the GSH/GSSG ratio in ADR treated mice relative to controls (Fig. 1b) .
Expression levels of GPx, GST, and GR in brain isolated from ADR treated mice and saline-treated controls Fig. 2a shows the Western blots of GST, GPx and GR in brain isolated from mice injected i.p. with saline or ADR. GAPDH was used as a loading control. Normalized enzyme levels corresponding to western blots in Fig. 2a are shown in Figs. 2b-d. As evident from the figures, there is a significant increase in the expression of GST, GPx and GR in brain isolated from ADR-injected mice when compared to saline-injected controls (PϽ0.05). Table 1 shows the activity of GSH-related enzymes GST, GPx and GR, in brain isolated from saline and ADR injected mice, respectively. There was a significant increase in the activity of GPx, while significantly reduced activities of GST and GR were observed in brain isolated from ADR-injected mice compared to saline-injected controls (PϽ0.05). 
Enzyme activities of GPx, GST, and GR in brain isolated from ADR treated mice and saline-treated controls
Redox proteomics analysis to identify oxidized and differential levels of brain proteins following ADR treatment
Proteomics and redox proteomics have been used, respectively, to identify differential levels and oxidative modifications of brain proteins in neurodegenerative diseases such as Alzheimer's disease (AD) and mild cognitive impairment (MCI) . Fig. 3 shows representative 2D gels of brains from mice treated i.p. with saline and ADR, respectively. After analysis, three proteins in brain showed significantly decreased levels in ADR treated mice relative to salinetreated controls. These proteins that were identified by mass spectrometry and subsequent interrogation of protein databases were syntaxin 1 (SYNT1), visinin like protein 1 (VLP1), and peptidyl prolyl isomerase A (Pin1) (Figs. 3 and 4) . Fig. 3 displays geographical location of these proteins with respect to isoelectric point and molecular weight on 2D gel maps from saline and ADR treated mice brains. Fig. 4 shows expansions of gel images to show more clearly the loss of proteins in brain following i.p. ADR treatment. Table 2 displays the proteins identified by proteomics as having altered levels in brains of ADR treated mice relative to saline-treated controls; the implications of these protein changes in brain with respect to cognitive impairment are discussed below.
Oxidative stress leads to significant protein oxidation (Stadtman and Berlett, 1997) . Protein oxidation leads to a conformational change in tertiary structure, which typically results in altered activity (Stadtman and Berlett, 1997; Butterfield et al., 2006b ). Densitometric analysis of 2D western blots and gels revealed three spots that corresponded to significantly increased oxidation in brain iso- lated from ADR-treated mice relative to control. These protein spots were identified as triose phosphate isomerase (TPI), alpha-enolase, and peroxiredoxin 1 (PRX-1) (Fig. 5) . Fig. 3 displays the respective locations of these proteins on 2D gel maps of control and ADR treated mice brains. Fig. 5a , b are magnified images of gels and oxyblots clearly illustrating increases in specific oxidation of proteins reported in Table 3 . A summary of the protein identifications that were found to be increasingly carbonylated in brains of ADR treated mice is displayed in Table 3 . The implications of the oxidation of these brain proteins with respect to cognitive decline are discussed below.
DISCUSSION
A decrease in total GSH levels, or an imbalance in the ratio of reduced to oxidized GSH may index and/or cause oxidative stress that leads to protein oxidation (Stadtman and Berlett, 1997) , lipid peroxidation (Markesbery and Lovell, 1998) , and DNA/RNA oxidation (Butterfield et al., 2001) . GSH is known to protect against cellular free radical-mediated oxidative damage by functioning as an oxyradical scavenger, thereby reducing lipid peroxidation (Meister and Anderson, 1983; Darley-Usmar and Halliwell, 1996; Sies, 1999; Schulz et al., 2000) . GSH, apart from its endogenous antioxidant activity, also has roles in a wide range of metabolic processes, such as activation of transcription factors, DNA repair, regulation of enzyme activity, and biosynthetic processes (Meister, 1995) . The nervous system is particularly susceptible to oxidative insults because of high levels of polyunsaturated fatty acids, high oxygen consumption, and low antioxidant capacity. Hence, the brain is heavily dependent on GSH as a primary endogenous neuroprotectant. GSH detoxifies neurons from HNE and other reactive alkenals and protects brain cells from peroxynitrite-mediated damage (Mark et al., 1997; Koppal et al., 1999) . HNE, acrolein, and other lipid peroxidation products are known to damage proteins and other biomolecules in AD brain (Sayre et al., 1997; Markesbery and Lovell, 1998; Butterfield et al., 2006c; Reed et al., 2008 Reed et al., , 2009 Perluigi et al., 2009) . These alkenals form an immediate substrate for GSH; consequently, GSH depletion may lead to apoptosis initiated by lipid peroxidation products (Mark et al., 1997; Cenini et al., 2008 ). In the current study, reduced levels of brain GSH and GSH/GSSG ratios were found in ADRinjected mice when compared to saline-injected controls (Fig. 1) . We previously reported increased levels of protein carbonyls, HNE, and 3-nitrotyrosine (3NT) in brain isolated from ADR-injected mice (Joshi et al., 2007) . We hypothesize that a reduced level of GSH and/or an imbalance in the GSH/GSSG ratio renders cellular materials vulnerable to oxidative attack, hence contributing to the observed protein oxidation and increased reactive alkenals found in brains of ADR-injected mice. Consistent with the implication of lowered GSH in chemobrain, Konat et al. observed behavioral deficits in rats upon administration of ADR that were alleviated with co-administration of N-acetlycysteine (NAC), a GSH precursor (Konat et al., 2008) .
GPx, GR, and GST provide protection to neurons from oxidative stress at the expense of GSH. GPx converts H 2 O 2 to H 2 O and O 2 . The reducing electrons are provided by GSH as it is converted to GSH disulfide, GSSG. GR converts GSSG back to GSH, utilizing NADPH as a cofactor. GST plays a role in neuroprotection by catalyzing the conjugation of GSH to reactive alkenals, oftentimes products of lipid peroxidation, which are then cleared from neurons by the action of MRP-1 (Sultana and Butterfield, 2004) . We previously reported increased levels of brain MRP-1 in ADR-injected mice (Joshi et al., 2005) . In the present study, we found significantly increased levels of GST, GPx, and GR (Fig. 2 ) in brains of mice treated i.p. with ADR. Interestingly, we also found that the activities of GST and GR in brain isolated from ADR-injected mice are significantly decreased compared to saline-treated controls, whereas GPx activity is elevated in brains of ADR treated mice (Table 1) . Adb El-Gawad and El-Sawalhi (2004) also observed increased activity of GPx in brain isolated from ADR treated mice. An increased activity of GPx and/or a reduced activity of GR could potentially result in increased GSSG levels, thereby altering the GSH/ GSSG ratio towards the more oxidized form, leading to Fig. 3 . Representative 2D gels from brains of saline-and ADR-treated mice, respectively, showing geographical location of proteins on 2D gel identified by mass spectrometry that showed differences in expression or oxidation as a result of i.p ADR. Spots that showed a significant difference in expression or oxidation levels are boxed and labeled with the corresponding protein identity (nϭ4 controls, nϭ5 ADR).
oxidative stress, as we observed here. In this study, we find both scenarios occur in brain with i.p. administration of ADR. A reduced GST activity would lead to less clearance of toxic cytosolic alkenals, which may contribute to the observed increase in protein-bound HNE levels in brain from ADR-injected mice. However, the increased expression levels of GST and GR in ADR treated mice brain may be indicative of a cellular stress response to oxidative stress and decreased activity of these enzymes upon administration of ADR, possibly due to oxidative or nitrosative damage (Calabrese et al., 2004) . Despite augmented levels of these neuroprotective enzymes to combat diminished activities, oxidative stress is detected in brains of ADR treated mice, implying that these defense mechanisms are incapable of providing protection from ADR induced ROS. We posit that similar changes may occur in brains of patients with chemobrain.
Based on the results presented in this paper and others that suggest the brain undergoes oxidative stress in the form of increased protein carbonylation upon i.p. administration of ADR (Joshi et al., 2005 (Joshi et al., , 2007 , the present study also sought to identify specifically carbonylated brain proteins, as well as differentially expressed proteins, in the brains of ADR-injected mice. Using the proteomics approach previously utilized in our laboratory (Castegna et al., 2002 (Castegna et al., , 2003 Boyd-Kimball et al., 2005 Butterfield and Sultana, 2007; Reed et al., 2008 Reed et al., , 2009 , densitometric analysis revealed decreased levels of SYNT1, Pin1, and VLP1 in the brains isolated from ADR-injected mice relative to saline injected controls (Fig. 3, Table 2 ). Further, our group showed that the total level of protein carbonyls, a marker of oxidative damage to proteins, is increased in the brains isolated from ADRinjected mice when compared to saline-injected controls (Joshi et al., 2005 (Joshi et al., , 2007 . In this study, we demonstrate that the specific carbonyl levels of TPI, alpha-enolase, and PRX-1 are significantly increased in brain upon i.p. ADR treatment compared to those in brain from saline-treated controls (Fig. 5a , b, Table 3 ). Consistent with the notion that chemobrain is associated with ADR-induced alterations in brain proteins, these processes are known to affect cognitive function. Pin1 is a peptidyl prolyl cis-trans isomerase that catalyzes the cis-trans isomerization of phosphorylated Ser/ Thr-Pro protein motifs of target proteins. Isomerization by Pin1 modulates target protein folding, biological activity and stability, and regulation of cell cycle (Lu et al., 1996; Zhou et al., 1999; Winkler et al., 2000; Takahashi et al., 2008) . Pin1 is heavily implicated in the pathogenesis of AD, as the dysfunction/downregulation of this protein may be critical to tangle formation, cell loss, and amyloid betapeptide disruption . Two papers on Alzheimer's disease from our laboratory show oxidized and/or decreased levels of Pin1 in AD brains relative to non-demented controls Sultana et al., 2006a) . Our current report on differential levels of brain proteins in ADR treated mice also shows a decreased level of this protein (Fig. 4) , consistent with concept that Pin1 may contribute to the disrupted cognition as a result of ADR. Although the nature of this decrease is somewhat unclear as it relates to ADR-induced cognition changes, cancer survivors are more likely to develop cognitive impairment/dementia later in life (Heflin et al., 2005) . We speculate that changes in the levels of Pin1 as a result of ADR therapy may accelerate AD pathogenesis years before onset of dementia. Enolase and TPI are glycolytic enzymes. TPI catalyzes the reversible interconversion of dihydroxyacetone phosphate and glyceraldehyde 3-phosphate, while enolase converts 2-phosphoglycerate to phosphoenolpyruvate. Decreased neuronal ATP production followed by progressive neuronal death has been observed upon inhibition of TPI (Sheline and Choi, 1998) . Oxidation of enolase has lead to observed decreases in enzyme activity (Reed et al., 2009) . Enolase also has other important functions, including membrane binding and alteration of plasminogen (Butterfield and Bader Lange, 2009). Previous studies from our laboratory have reported oxidation/nitration of TPI and enolase in brain in various stages of AD (Castegna et al., 2003; Butterfield et al., 2006b; Sultana et al., 2006b Sultana et al., ,c, 2007 Reed et al., 2008 Reed et al., , in press, 2009 ). In the current study, we observed an increased carbonylation of TPI and enolase in brain isolated from ADR-injected mice when compared to brain isolated from saline-injected control (Fig. 5a, b) . Oxidation of TPI after ADR administration also has been observed in heart (Chen et al., 2006) . Increased oxidation of these glycolytic enzymes may ultimately result in neuronal death as a result of decreased ATP production, culminating in cognitive deficits observed in chemobrain.
PRX-1 is an antioxidant protein that contains essential catalytic cysteine residues (Yim et al., 1994; Neumann et al., 2003) . PRX-1 is ubiquitously expressed predominantly in the cytosol and alternatively in nucleus. In brain, PRX-1 is localized to astrocytes, whereas PRX-2 is expressed in neurons (Sarafian et al., 1999) . Transfection studies show that PRX-1 can regulate ROS induced by growth factor signaling and can eliminate peroxides in vivo (Kang et al., 1998) . Altered expression of various peroxiredoxins has been observed in oxidative stress-mediated neurodegenerative disorders including AD (Krapfenbauer et al., 2003) . In the current study, we observed an increased carbonylation of PRX-1 in brain isolated from ADR-injected mice (Fig. 5a ). Increased oxidative modification of the antioxidant protein PRX-1 likely would decrease the clearance of various peroxides and increase cytosolic ROS. The primary function of PRX-1 is to scavenge peroxides at the expense of thioredoxin, which, in turn, is modulated by GSH. This result potentially couples oxidation of PRX-1 to loss of GSH noted above. This alteration may be related to the observed ADR-mediated protein oxidation/nitration, lipid peroxidation, and altered GSH defense in brain as well as cognitive dysfunction in ADRtreated patients.
VLP1 is primarily localized in the plasma membrane, and is predominantly expressed in brain (Bernstein et al., 1999) . VLP1 belongs to a family of neuronal Ca 2ϩ sensor/ binding proteins. Upon binding to Ca 2ϩ , VLP1 undergoes a conformational change that facilitates its association with lipid bilayers (Ames et al., 1997) . VLP1 has also been shown to modulate cGMP signaling pathways in transfected neurons in vitro . VLP1 showed reduced immunoreactivity in neurons from temporal cortex of AD patients (Schnurra et al., 2001 ). VLP1 may be involved in processes leading to phosphorylation of tau, which, if excessive, can lead to disruption of microtubules with consequent altered anterograde and retrograde transport. Such a scenario would be clearly relevant in conditions in which memory and cognitive functions were compromised. In the current study, we observed a decreased expression of VLP1 in brain isolated from ADR-injected mice compared to brain isolated from saline-injected mice (Fig. 4) . Lower expression may cause Ca 2ϩ dyshomeostasis that conceivably may lead to neuronal apoptosis with subsequent effects on cognition.
SYNT1B2 is an integral membrane transport protein. In neurons, this protein forms an integral part of synaptic vesicles. The primary function of SYNT1B2 is docking/ priming of synaptic vesicles at presynaptic active zones (Morciano et al., 2005) . Although not widely researched, the expression of syntaxin is known to be decreased in neurons of transgenic mice with altered glial fibrillary acidic protein (GFAP), a model of Alexander's disease, a fatal neurodegenerative disorder resulting from missense mutations of the intermediate filament protein, GFAP (Hagemann et al., 2005) . In addition, GFAP is a marker for activated microglia, which could be related to inflammation in brain following ADR. In the present study we observed a decreased level of this protein in brain isolated from ADRinjected mice (Fig. 4) . Lower expression may result in defective vesicle docking to the presynaptic membrane, which we posit leads to dysfunctional neurotransmitter release, which could be related to cognitive dysfunction associated with chemobrain.
The present data detailing altered GSH-related enzyme activities and identification of differential levels and specifically oxidized brain proteins after a single i.p. injection of ADR are consistent with our previous results in vivo (Joshi et al., 2005 (Joshi et al., , 2007 Tangpong et al., 2006 Tangpong et al., , 2007 . ADR-induced oxidative stress, altered GSH metabolism and levels and activity of its related enzymes, TNF-␣ production, brain mitochondrial dysfunction, and appearance of apoptotic bodies in brain may be related to the observed altered levels or specific oxidation of key proteins contributing to cognitive decline. Therefore, following demonstration that chemotherapeutic outcomes are not compromised, co-administration of antioxidants capable of maintaining the GSH defense system in brain (such as NAC) along with ADR may protect cancer patients from the apparent cognitive rigors of ADR chemotherapy. However, as noted, an important point to emphasize is that any measure taken to reduce harmful side effects of this chemotherapeutic drug must not interfere with the therapeutic efficacy of the drug itself. Studies to further elucidate the neuropathology of ADR induced cognitive dysfunction are underway in our laboratory.
